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Molecular characterization of the pore - forming toxin , pyolysin, a 
major virulence determinant of Arcanobacterium pyogenes. 
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Arcanobacterium pyogenes is a common inhabitant and opportunistic 
pathogen of domestic animals. The pathogenesis of this organism in a range 
of suppurative diseases is not well understood. However, the development of 
genetic techniques to study this organism has allowed advances in the 
analysis of A. pyogenes virulence factors. A major step in this analysis 
was the identification and cloning of the A. pyogenes hemolytic exotoxin, 
pyolysin (PLO). PLO is the most divergent member of the cholesterol-binding 
pore-forming family of toxins. PLO is also divergent in a C-terminal 
undecapeptide motif which is almost invariant among other members of the 
family. This divergent undecapeptide motif is required for the full 
cytolytic activity of PLO and is also responsible for its oxygen-resistant 
nature. Insertional inactivation of the plo gene results in a significant 
reduction in virulence in an intraperitoneal mouse model of infection. The 
virulence of the plo mutant can be restored by providing PLO in trans, 
suggesting that PLO is a major virulence factor in A. pyogenes pathogenesis 
in mice. Results of previous vaccination trials with crude antigens against 
A. pyogenes infection in domestic animals and mice have been equivocal at 
best. However, a recombinant PLO-based subunit vaccine protected mice from 
experimental A. pyogenes infection, indicating that PLO is also an 
important host protective antigen. These results provide promise that the 
dogma that domestic animals are recalcitrant to vaccination against A. 
pyogenes infection may prove false. 
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In this paper we describe reconstructions by electron cryo-microscopy ot 



two oligomeric states of the pore-forming toxin pneumolysin. The results 
are interpreted by the fitting of atomic models of separated domains to the 
3-dimensional electron density maps, revealing two steps in the mechanism 
of pore formation by the family of cholesterol-binding toxins. We briefly 
describe the observation of the toxin pore in model membranes and contrast 
the apparent mechanism of pneumolysin with that of other pore-forming 

toxins. . 
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The past three years have shed light on how the pore-forming toxin 
aerolysin binds to its target cell and then hijacks cellular devices to 
promote its own polymerization and pore formation. This selective 
permeabilization of the plasma membrane has unexpected intracellular 
consequences that might explain the importance of aerolysin in Aeromonas 
pathogenicity. (31 Refs.) 
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Beta-toxin is one of the lethal toxins of Clostridium perfringens. It 
shares sequence homology with the pore-forming alpha-toxin of 
Staphylococcus aureus and structural homology has been indicated by 
mutagenesis studies. Human endothelial cells are sensitive to the toxic 
effect of alpha-toxin and in order to investigate the function of 
beta-toxin we have looked at the effect of the protein on human umbilical 
vein endothelial cells. We show that like alpha-toxin beta-toxin induces 
release of arachidonic acid in a dose dependent manner. In addition we show 
that both toxins cause leakage of inositol from the cells, consistent with 
the formation of transmembrane pores. The effect of toxin mutants on 
endothelial cells correlates with the lethal dose of each mutant in mice. 
Furthermore, we demonstrate the formation of heat stable toxin multimers in 
the cell membrane. Multimer formation was not observed on other cell types 
tested. We conclude that beta-toxin is a cell specific pore-forming toxin, 
structurally and functionally related to alpha-toxin of Staphylococcus 
aureus. Copyright 2000 Academic Press. 
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Perfringolysin O (PFO), a water-soluble monomeric cytolysin secreted by 
pathogenic Clostridium perfringens, oligomerizes and forms large pores upon 
encountering cholesterol-containing membranes. Whereas all pore-forming 
bacterial toxins examined previously have been shown to penetrate the 
membrane using a single amphipathic beta hairpin per polypeptide, 
cysteine-scanning mutagenesis and multiple independent fluorescence 
techniques here reveal that each PFO monomer contains a second domain 
involved in pore formation, and that each of the two amphipathic beta 
hairpins completely spans the membrane. In the soluble monomer, these 
transmembrane segments are folded into six alpha helices. The insertion of 
two transmembrane hairpins per toxin monomer and the major change in 
secondary structure are striking and define a novel paradigm for the 
mechanism of membrane insertion by a cytolytic toxin. 
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Equinatoxin II is a cysteineless pore-forming protein from the sea 
anemone Actinia equina. It readily creates pores in membranes containing 
sphingomyelin. Its topology when bound in lipid membranes has been studied 
using cysteine-scanning mutagenesis. At approximately every tenth residue, 
a cysteine was introduced. Nineteen single cysteine mutants were produced 
in Escherichia coli and purified. The accessibility of the thiol groups in 
lipid-embedded cysteine mutants was studied by reaction with biotin 
maleimide. Most of the mutants were modified, except those with cysteines 
at positions 105 and 114. Mutants R144C and S160C were modified only at 
high concentrations of the probe. Similar results were obtained if 
membrane-bound biotinylated mutants were tested for avidin binding, but in 
this case three more mutants gave a negative result: SIC, S13C and K43C. 
Furthermore; mutants SIC, S13C, K20C, K43C and S95C reacted with biotin 
only aft^in^mimo"tKe"lipid, suggestlnpharthey were-invoived-in 
major conformational changes occurring upon membrane binding. These results 
were further confirmed by labeling the mutants with acrylodan, a 
polarity-sensitive fluorescent probe. When labeled mutants were combined 
with vesicles, the following mutants exhibited blue-shifts, indicating the 



transfer of acrylodan into a hydrophobic environment: S13C, K20C, S105C, 
SI 14C, R120C, R144C and S160C. The overall results suggest that at least 
two regions are embedded within the lipid membrane: the N-terminal 13-20 
region, probably forming an amphiphilic helix, and the tryptophan-rich 
105-120 region. Argl44, Serl60 and residues nearby could be involved in 
making contacts with lipid headgroups. The association with the membrane 
appears to be unique and different from that of bacterial pore-forming 
proteins and therefore equinatoxin II may serve as a model for eukaryotic 
channel-forming toxins. 
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Cleavage of membrane-associated proteins with the release of biologically 
active macromolecules is an emerging theme in biology. However, little is 
known about the nature and regulation of the involved proteases or about 
the physiological inducers of the shedding process. We here report that 



rapid and massive shedding of the interleukin 6 receptor (IL-6R) and the 
Zpolysaccharide receptor (CD14) occurs from primary and transacted 
cdb attacked by two prototypes of pore-formmg bactenai toxins 
ttptoTysin O and Escherichia coli hemolysin. Shedding is not induced by 

Xp y tolysm O toxin mutant which retains ce binding capacity but 
lacks pore-forming activity. The toxin-dependent cleavage site of the 1L-6R 
was mapped to a position close to, but distinct from, that observed after 
SuZn with phorbol myristate acetate. Soluble 1L-6R that was shed 
from toxin-treated cells bound its ligand and induced an IL-6-specific 
signal in cells that primarily lacked the IL-6R. Transsignahng by soluble 
XS. and soluble CD14 is known to dramatically broaden the spectrum of 
host cells for IL-6 and lipopolysaccharide, and is thus an important 
nSh SL underlying the' systemic inflammatory effects. Our findings 
uncover a novel mechanism that can help to explain the long-range 
detrimental action of pore-forming toxins in the host organism. 
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Escherichia coli hemolysin (HlyA) is a major cause of E. coh virulence. 
It lyses erythrocytes by a colloid osmotic shock due to the formation of 
hvdrophilic pores in the cell wall. The size ofthese channels can be 
estimated using osmotic protectant of increasing dimensions. To show that 
he formation of pores does not depend critically on the osmotic swelling 
w repared -sealed human erythrocyte ghosts loaded with a fluorescent 
marker When attacked by HlyA the internal marker was released ind,catmg 
The formation of toxin channels so large as to let it through. The channels 
can be directly demonstrated also in purely lipidic model systems such as 
pC membranes and unilamellar vesicles, which lack any putative proton 
receptor HlyA has been recognised as a member of a large family of 
exotoxins elaborated by Gram-negative organisms including Proteus, 
BordeteUa, Morganella, Pasteurella and Actinobacillus. These ^toxins ^have 
auite different target cell specificity and in many cases are leukocidal. 
men tried on plLr membranes however, even specific leukotoxins open 
channels not dissimilar from those formed by HlyA, suggesting this might be 
a common step in their action. Comparison of the hydrophobic properties of 
six members of the toxin family indicates the presence of a conserved 
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Diphtheria toxin is a cytotoxic protein which has the ability to enter 
and kill cells by the transfer of its catalytic fragment across cellular 
endosomes. The mechanism of the translocation of the catalytic fragment is 
unknown, but it has been suggested that the translocation could occur 
through a pore. The pores formed by diphtheria toxin have been reported to 
be as small as 5 A in diameter and as large as to translocate, nor the 
involvement of the pore in the translocation of the catalytic domain across 
bilayers. An assay was developed called the dextran leakage assay. This 
assay involves the trapping of fluorescently labeled dextrans of various 
sizes inside the lumen of large unilamellar vesicles. The ability of these 
fluorescently labeled dextrans to escape was detected through the use of 
antibodies directed against the fluorescent probe attached to the dextran 
which have the ability to bind to the probe and quench its fluorescence. 
Using this technique it was found that diphtheria toxin forms concentration 
dependent pores, that is, at low concentrations toxin pores are small and 
as the concentration of the toxin in the membrane increases the pore size 
increases. Toxin oligomerization was found to occur in the membrane and 
using a combination of chemical crosslinking and rhodamine-self quenching, 
it was found that the toxin formed non-stoichiometric oligomers. The size 
of the pores formed by the toxin were affected by addition of cholesterol 
which increased either the pore number or pore size. In investigating the 
contribution of the transmembrane domain (T domain) to diphtheria toxin 
pore formation it was found that the T domain formed concentration 
dependent pores similar to those of whole toxin but were larger at higher 
protein concentrations. It was proposedlharsin^ 
larger pores than whole toxin that the catalytic and receptor binding 
domains of the toxin contributed to the structure of the pore. From these 
data a mechanism of catalytic domain translocation was proposed in which 
pore formation was the result of the oligomerization of the toxin in the 



membrane. The oligomerization may promote the correct membrane orientation 
of the toxin such that the catalytic domain is correctly positioned for 
translocation. It was also found that a class of cyclic compounds could 
inhibit pore formation by diphtheria toxin. Though each of these compounds 
could inhibit pore formation through steric binding to the channel, 
inhibition could also occur through several other mechanisms. Continuing 
studies of the use of these compounds may prove useful in the analysis of 
other membrane active and pore forming proteins. 
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Binding of Pseudomonas Exotoxin A (ETA) to model endosomal membrane 
vesicles was evaluated by a fluorescence quenching technique. The binding 
of toxin to various large, unilamellar vesicles composed of POPC and POPS 
was highly pH-dependent (maximal binding at pH 4.0, K$\rm\sb{d}$ = 2 
$\mu$M; 60:40 (mol:mol), POPC/POPS), however, was NaCl 
concentration-independent. The rate of toxin-induced pore formation in the 
lipid bilayer was pH-dependent (increasing with decreasing pH), with 
optimal dye release occurring at pH 4.0 (pK$\rm\sb{a}$ 4.3 $-$ 4.5). Pore 
formation was also sensitive to the NaCl concentration of the assay buffer, 
with maximal release occurring at 50 mM NaCl (decreasing with increasing 
salt concentration), indicating that the toxin-induced pore is modulated by 
ionic interactions. Further evidence for the role of electrostatic 

Interactions between ETA~andlhe membrane was provided"by"the~effect"of 

POPS on the kinetic properties of the pore. The magnitude of dye release 

(at 50 mM NaCl) according to mole % POPS content was as follows; 100 mole % 

$<$ 20 mole % $<$ 60 mole %, indicating the requirement of an optimum 

negative surface charge density. Pore formation was temperature-dependant,E$\rm\sb{a}$ =13.3 



kcal/mole, and sensitive to the physical state of the 

bilayer. 
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